Blood pressure and heart rate reactivity to a psychological stressor and to a cold pressor test were examined in a group of 51 nonnotensive and 37 unmedicated hypertensive men. All were studied twice, once while the participants were maintained on a moderately high salt (200 meq sodium/day) diet and once while the participants were maintained on an extremely low salt (10 meq sodium/day) diet Dietary salt had no effect on blood pressure or heart rate responses to the two stressors. The systolic and diastoiic responses of the white participants to the psychological stressor were greater than those of the black participants (both p< 0.05); however, there was no difference between blacks and whites in reactivity to the cold pressor challenge. As compared with the nonnotensive group, the hypertensive group reacted to the psychological stressor with increased responses in systolic blood pressure, diastoiic blood pressure, and heart rate (all p< 0.05). The hypertensive group also hyperresponded in terms of the systolic pressure response to the cold pressor task (p<0.05). Plasma norepinephrine and epinephrine responses were not significantly different across the two diets, races, or diagnoses. (Hypertension 1990;16:573-580)
F or many years, investigators have documented the fluctuations of heart rate, blood pressure, and catecholamine levels in response to behavioral stressors. The topic is an intriguing one for a number of reasons. There is a small body of literature suggesting that excessive reactivity may predict the onset of subsequent cardiovascular disease. 1 -4 Regardless of its predictive ability, reactivity testing provides a fascinating glimpse of the range of normal physiological response. Although heart rate changes are readily apparent, the behaviorally induced changes in blood pressure and catecholamine levels are not perceptible to the individual, even though the amplitude of such responses is surprisingly large. 5 The present study examined three variables in terms of their effects on reactivity. First, we examined whether hypertensive and normotensive individuals differ in reactivity. Second, we examined whether reactivity differs between blacks and whites. Finally, we examined whether dietary salt influences reactivity.
The suggestion that hypertensive individuals are more reactive to stressors is an old one. There have been numerous studies that have used various definitions of hypertension and diverse psychological stressors. Across these studies, "reactivity" has been differently defined. Most studies used change or A scores (i.e., stress task minus baseline). Some used "percent change scores" (i.e., A value divided by baseline value) or analysis of variance. Finally, some used covariance adjustment 6 because of concern with the "law of initial values." There are rather heated debates about the merits of each of these approaches. 78 Almost no studies have found that the blood pressures of normotensive research subjects are more reactive than those of hypertensive subjects. However, a sampling from this extensive literature suggests that the results are rather evenly divided between those studies reporting increased blood pressure reactivity in hypertensive subjects 9 -15 and those reporting no difference in reactivity between hypertensive and normotensive subjects. 16 - 20 There is little evidence that heart rate reactivity is increased in hypertensive persons. There have been too few studies of plasma catecholamine reactivity to allow a consensus, although it would appear that catecholamine reactivity to stressors in hypertensive individuals is not increased. Rowlands (25) Murphy (26) Fredrikson (27) Light (28) Thomas (29) Anderson (30) Anderson (31) Murphy (32) Anderson (33) Durel (34) Falkner (35) Tischenkel (36) Light (37) McAdoo (38) Parmer ( Psychological stressors included mental arithmetic, reaction time, stroop test, video game. Cold stressors were cold pressor or cold face stimulus. SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; Bl, black; Wh, white; Nor, normotensive; Hyp, hypertensive; Bor, borderline hypertensive; ANOVA, analysis of variance; ANCOVA, covariate analysis of variance; A, change score (task minus rest); %A, percent change score; ND, no difference; . . . , not measured.
reflects more frequent exposure of black persons to micToaggressions, or alternatively, if blacks might be more reactive to stressors. Table 1 summarizes work along these lines. There is no consistent evidence that blacks are more reactive than whites to behavioral stressors. 24 -39 There are some data suggesting that race influences reactivity to tasks that stimulate neuronal 
34
. 38 The implications of racial comparisons in reactivity are not straightforward. In those instances where the races do appear to differ in reactivity, it is not clear that this suggests a biological difference. The difference could just as well indicate that the stressor task had a different meaning or impact across the racial groups. The social-psychological setting of the laboratory may influence reactivity. For instance, Murphy et al 26 demonstrated that when experimenter and subject are the same race, there is increased heart rate reactivity but no difference in blood pressure reactivity. Similarly, the meaning of a particular psychological stressor such as a mathematics quiz may be different in blacks and whites, perhaps as a function of education.
Recently, considerable attention has been focused on the possibility that dietary sodium may influence the amount of reactivity. Sodium has pervasive actions on the sympathetic nervous and renin-angiotensin systems. Given these effects, some have wondered if individuals on a high salt diet may be more reactive to stressors. There is a large literature on the effects of salt on the hemodynamic response to infused sympathetic nervous system agonists. 40 - 41 There is also a compelling literature of studies in animals suggesting that in the face of high salt, there is increased reactivity.
-
43 Surprisingly, however, we have located citations on only four human studies examining this topic. 44 " 47 Three of the four studies found that salt loading was associated with increased reactivity, at least among hypertensive individuals or individuals with a positive family history of hypertension. 44 -46 Thus, although there is increased interest in the physiology of reactivity and its implications for subsequent morbidity and mortality, there is relatively little information about factors that influence the amount of reactivity.
Methods
Volunteers were located through community blood pressure screening or word-of-mouth referral. Eighty-eight normotensive (blood pressure less than 140/90 mm Hg) and unmedicated hypertensive (blood pressure greater than 140/90 mm Hg) men were studied after written informed consent was obtained. The protocol was approved by the University of California, San Diego, Institutional Review Board. Diagnoses were made on the basis of repeated blood pressure measurement on two occasions; three blood pressure measurements were obtained on each visit. Only those subjects who remained in the same diagnostic category on both screening occasions were enrolled. Percent of ideal body weight was calculated using Metropolitan Life Insurance norms. 48 Social class was measured with the Hollingshead and Redlich two-factor scale. 49 All patients were admitted to the Clinical Research Center twice: one admission provided a 4-day high salt diet with 200 meq sodium/day, and the other admission provided a 5-day low salt diet (10 meq sodium/day). Both diets were isocaloric and contained 100 meq potassium/day. The high salt diet was made by adding NaCl to the low salt diet. The dietary sequence was randomized across admissions. Urinary 24-hour electrolytes were monitored to document dietary adherence.
On the final day of each hospitalization, reactivity testing was performed. A nonthrombogenic catheter was inserted in a forearm vein and connected to a continuous blood withdrawal pump (Dakmed, Buffalo, N.Y.). 50 The pump was set to withdraw blood at the rate of 1.5 ml/min. Three-minute integrated blood samples were obtained during the tasks. Blood pressure and heart rate were obtained once per minute from a blood pressure monitor (Dinamap 845XT, Tampa, Fla.) attached on the other arm. Blood pressures obtained from the Dinamap correlate well (r>0.95) with mercury sphygmomanometry readings. 51 After instrumentation, the subject rested about 30 minutes to get acclimated to the monitoring equipment.
All tasks were presented in fixed order with an intertask interval of at least 5 minutes to decrease carryover. Task instructions were presented by tape recording to increase standardization. Resting baseline conditions were obtained while the subject sat quietly for 3 minutes. A 3-minute timed mathematics task required the subject to verbally subtract serial sevens from the number 600. The task was complicated by a ticking metronome and occasional voiceovers announcing the number of seconds remaining. 52 Finally, as a cold pressor challenge, the subject placed his foot up to the ankle in a bucket filled with ice water. Few subjects were able to keep their foot immersed for more than 1 minute, so only one blood pressure was obtained for this task. Most subjects went into venospasm in response to this task, so plasma catecholamine measures are not available for this task.
The blood pressure and heart rate of each subject were averaged during the resting baseline and during the mental arithmetic task. Blood was collected continuously in separate chilled anticoagulated blood collection tubes for each task. Blood samples were spun down in a refrigerated centrifuge, and the plasma was frozen at -80° C until assayed. Plasma catecholamines were analyzed with a radioenzymatic assay according to the method of Ziegler et al, 53 with an assay coefficient of variation less than 10% for norepinephrine in resting subjects and less than 12% for epinephrine.
Reactivity was measured by covariance analyses (ANCOVA), once in terms of the responses to mental arithmetic and once in terms of the cold (20) 20 (3) Sodium excretion was measured in the 24 hours before reactivity testing. BP, blood pressure.
pressor responses. The baseline value was used as a covariate in both ANCOVAs with diet (high salt, low salt) as the repeated measure and race (black, white) and diagnosis (hypertensive, normotensive) as grouping variables. All analyses were performed with BMDP programs 2v and 6R. 54 Partial correlations were used, after controlling for the baseline value, to determine if ideal body weight or sodium excretion on the day before testing was related to reactivity. Where the partial correlation was significant, the variable was included in the covariate analysis. Table 2 summarizes the sample composition. The four groups did not differ significantly in age, ideal body weight, or social class. The blood pressure levels in the hypertensive and normotensive groups did not differ according to race. The sodium excretion on the last day on the low salt diet was significantly higher in blacks (F l7O =l2.6, p<0.001). However, sodium excretion was not related to reactivity for any of the five physiological variables and thus was not included as a covariate. On the other hand, percent of ideal body weight was related to cold pressor reactivity for both systolic (r=0.22, p<0.05) and diastolic (r=0.25, p<0.05) pressures. For this reason, percent of ideal weight as well as the resting baseline values were entered as covariates for assessing blood pressure reactivity to the cold pressor task. Table 3 presents the unadjusted means and standard deviations for the physiological responses to each task. After 4-5 days of hospitalization, the blood pressure in all subjects fell; however, the blood pressures of the hypertensive group were still about 10/10 mm Hg higher than the normotensive group. Table 4 summarizes the ANCOVAs for blood pressure and heart rate reactivity. There were no significant interactions in blood pressure or heart rate reactivity to the psychological stressor. There was no effect of dietary salt on reactivity to the mental arithmetic test. For the arithmetic test, whites responded more than blacks on systolic and diastolic blood pressure (both p< 0.05), although the magnitude of this difference was small (i.e., 2 mm Hg). The systolic blood pressure, diastolic blood pressure, and heart rate reactivity to the math task were all greater in the hypertensive than in the normotensive group For the cold pressor task, there was no effect of dietary salt on systolic blood pressure or diastolic blood pressure reactivity, although in those on the low salt diet there was greater heart rate reactivity (p<0.05). There were also no main effects of race on reactivity. Systolic blood pressure of the hypertensive group increased more than that of the normotensive group (p<0.05), but there was no effect of diagnosis on diastolic blood pressure or heart rate reactivity to the cold pressor test. ! There were three complex interactions in reactivity to the cold pressor task. For systolic blood pressure responses, a significant three-way interaction of diet, race, and diagnosis was observed. In response to the cold challenge, the systolic blood pressure of the white normotensive group increased relatively more on the high salt diet, whereas reactivity in the other groups was relatively unaffected by the salt intake (black normotensive and white normotensive groups) or else decreased (black hypertensive group). For diastolic blood pressure, the black hypertensive group had decreased reactivity going from low salt to high salt, whereas reactivity of the other three groups was relatively unchanged. For heart rate reactivity to cold, there was a race by diagnosis interaction such that among normotensive individuals, whites had a higher heart rate reactivity than did blacks, whereas among hypertensive individuals, blacks had a higher heart rate reactivity. Table 4 summarizes the observations on plasma norepinephrine and epinephrine levels. There were no differences in catecholamine reactivity across the races; similarly the hypertensive and normotensive groups did not differ in catecholamine reactivity. Although salt loading decreased catecholamine levels, dietary salt did not influence the amount of catecholamine reactivity to the mathematics task. For the math task, there was a significant race by diagnosis interaction (/?<0.05). The norepinephrine reactivity of the white normotensive group was lower than that in the other three groups. Values given are mean±(SEM). Blood pressure (BP) is in units of mm Hg; heart rate is in beats/minute; catecholamines are in pg/ml. Discussion Our design used fixed-order tasks (rest, mental arithmetic test, cold pressor test) with a rest interval between tasks. It might have been better to use a Latin square design that randomized the order of task presentation, but we suspect that there was minimal carryover effect between the mental arithmetic and the cold pressor test, given that at least 5 minutes separated the two tasks. Furthermore, even if one were to discount totally our final task (cold pressor test), the essential findings would remain the same regarding the effects of salt, race, and hypertension on reactivity. Our psychological stressor task elicited small amounts of reactivity, and thus the differences between the groups were necessarily small. It will be important for future work to examine whether the magnitude and the direction of such reactivity differences are replicated by studies using other psychological stressors.
Results
Our findings suggest that hypertensive individuals respond to a psychological stressor (mental arithmetic task) with greater blood pressure elevations, even after controlling for the initial resting baseline differences between the hypertensive and normotensive groups. We acknowledge that there is no consensus on this topic in the literature; many excellent studies have failed to report such findings. The study design features that lead to such discrepant results are not clear. Methodological differences in subject inclusion criteria, psychological task selection, or technique of data analysis may be implicated in these variable findings. Future meta-analyses on this topic may clarify the situation.
We did not observe that black subjects responded to stressors with increased reactivity. On the contrary, white subjects responded to the mental arithmetic task with greater reactivity than did blacks. It is not clear if this differential reactivity reflects a difference in task involvement, educational achievement, or effort across the two racial groups. It is doubtful that this reflects the effect of a white experimenter as the experimenter effects on reactivity have been found only for heart rate, not blood pressure. 26 In addition, we did not observe that heart rate reactivity was elevated in the white subjects in the face of testing by a white investigator.
We failed to replicate the interesting observations that black subjects respond to a cold pressor task with increased blood pressure reactivity. The cold pressor task has a misleading air of simplicity. It is possible that subtle variations in the way the task is imposed or interpreted could account for our negative findings. 55 Regardless, given that only 10 studies have examined this topic and that two of them, 25 
"
39 and now ours, have failed to observe this finding, further replications are clearly indicated. •Analysis of covariance (ANCOVA) with baseline as covariate. tANCOVA with baseline and ideal body weight as covariate. $p<0.05. §BH showed a decrease in reactivity going from low to high salt, whereas BN, WN, and WH showed relatively no change. Jp<0.01.
Our most striking finding was that dietary salt intake did not influence reactivity. In tightly controlled pharmacological studies, it has been repeatedly demonstrated that high salt augments the blood pressure response to stressors or to sympathetic agonists.
4041
- 56 However, in human psychological testing, salt did not affect the magnitude of reactivity, perhaps because so many other regulatory mechanisms also affect reactivity. Our findings are similar to those of Falkner and Kushner 47 who found no effect of 14 days of salt loading on reactivity to a math task.
Venous plasma norepinephrine levels increased during the math test by 62±12 pg/ml (SEM); the changes in epinephrine levels were smaller (17±5 pg/ml). Because the math stressor had only small effects on plasma catecholamine levels, it is not surprising that the catecholamine responses to stress were unaffected by diet, race, or diagnosis. Venous plasma norepinephrine levels represent a composite measure of release rate, reuptake, and blood flow. Because our study did not measure arterial norepinephrine levels or norepinephrine kinetics, we cannot address the effects of salt, race, and diagnosis on the stress responses of these parameters of sympathetic functioning.
In summary, dietary salt intake had no effect on blood pressure, heart rate, or catecholamine responses to a psychological stressor. Twenty-fourhour urinary sodium excretion was also unrelated to reactivity to stressors. Whites had larger blood pressure responses to a psychological stressor, and hypertensive subjects responded to the psychological stressor with larger increases in systolic blood pressure, diastolic blood pressure, and heart rate. There were complex interactions of salt, race, and diagnosis in responses to a cold pressor task.
